The kinetochore links chromosomes to dynamic spindle microtubules and drives both chromosome congression and segregation. To do so, the kinetochore must hold on to depolymerizing and polymerizing microtubules. At metaphase, one sister kinetochore couples to depolymerizing microtubules, pulling its sister along polymerizing microtubules [1, 2] . Distinct kinetochore-microtubule interfaces mediate these behaviors: active interfaces transduce microtubule depolymerization into mechanical work, and passive interfaces generate friction as the kinetochore slides along microtubules [3, 4] . We do not know the physical and molecular nature [5] [6] [7] of these interfaces, or how they are regulated to support diverse mitotic functions in mammalian cells. To address this question, we focus on the mechanical role of the essential loadbearing protein Hec1 [8] [9] [10] [11] . Hec1's affinity for microtubules is regulated by Aurora B phosphorylation on its N-terminal tail [12] [13] [14] [15] , but its role at the passive and active interfaces remains unclear. Here, we use laser ablation to trigger cellular pulling on mutant kinetochores and decouple sisters in vivo, and thereby separately probe Hec1's role as it moves on 2 polymerizing versus depolymerizing microtubules. We show that Hec1 phosphorylation tunes passive friction along polymerizing microtubules, modulating both the magnitude and timescale of responses to force. In contrast, we find that Hec1 phosphorylation does not affect the kinetochore's ability to grip depolymerizing microtubules, or switch to this active forcegenerating state. Together, the data suggest that different kinetochore interfaces engage with growing and shrinking microtubules, and that passive friction can be regulated without disrupting active force generation. Through this mechanism, the kinetochore can modulate its grip on microtubules as its functional needs change during mitosis, and yet retain its ability to couple to microtubules powering chromosome movement.
The newly created k-fiber minus-ends recruit dynein, which in turn exerts a poleward pulling force on the attached kinetochore and its sister [16, 17] .
As a starting point for our Hec1 studies, we expressed Hec1-EGFP in PtK2 cells depleted of endogenous Hec1 by RNAi [11] . We selectively severed polymerizing k-fibers near their kinetochore, and examined the responses of both the "front" and "back" sister kinetochores (proximal and distal to the cut, respectively) ( Fig. 1A,B ; Movie S1). The response to laser ablation appeared the same as in wild type cells [16, 17] , and had two phases (Fig. 1B ,E-G blue traces; Table 1 ; n=13). First, the front kinetochore recoiled immediately after cut, reflecting a decrease in force and causing the interkinetochore (K-K) distance to decrease. Second, dynein pulled the microtubules bound to the front kinetochore, moving the sister pair toward the ablation site and increasing the K-K distance. Dynein pulled the front sister faster than its k-fiber polymerized or depolymerized, and faster than normal metaphase movements [16] (Table 1) . The front kinetochore's velocity during dynein pulling was similar between experiments ( Fig. 1F ,H blue traces; Table 1 ), consistent with ablation triggering a consistent response. Dynein pulling caused the back kinetochore to turn around within seconds, ultimately pulling it away from its pole along polymerizing microtubules. The back kinetochore's velocity reported on its ability to passively slide on growing microtubules under force (Fig. 1E ,H blue traces; Table1). Thus, targeted k-fiber ablation can produce a pulling force to probe the mechanics of the interface between kinetochores and polymerizing microtubules.
Hec1 tail phosphorylation regulates the magnitude and timescale of the mammalian kinetochoremicrotubule interface's response to force
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To probe the mechanical regulation conferred by Hec1's N-terminal tail phosphorylation during mitosis, we asked whether and how it controls the response of a kinetochore to force. We depleted endogenous Hec1 by RNAi, and expressed either Hec1-9A-EGFP or Hec1-9D-EGFP to mimic constitutive dephosphorylation and phosphorylation, respectively, a range that includes typical Hec1 phosphorylation by Aurora B during mitosis [14] . As expected [14] , Hec1-9D and Hec1-9A kinetochores resulted in different steady-state K-K distances (Fig. 1C ,D,G; Table 1 ).
We subjected these Hec1-9A (Fig. 1E -G red traces; n=17; Movie S2) and Hec1-9D kinetochores ( Fig. 1E -G, green traces; n=10; Movie S3) to the same force signature as Hec1-WT, as suggested by similar front kinetochore velocities during dynein pulling (Fig. 1H , Table 1 ). As with Hec1-WT, after k-fiber ablation the front kinetochore recoiled and the K-K distance decreased in both Hec1-9A and Hec1-9D cells. When dynein pulling engaged, however, the back sister responses were different from Hec1-WT. In Hec1-9A cells, the back kinetochore moved more slowly than its front sister (0.6±0.1 vs 1.6±0.2µm/min; Table 1) , and moved less far on polymerizing microtubules than Hec1-WT (0.4±0.1 vs 0.7±0.1µm; Fig. 1H,I ; Table 1 ). These differences led to a larger, and longer-lasting, increase in K-K distance above baseline during dynein pulling compared to Hec1-WT (maximum K-K distance was at 95±7 vs 47±5s; Fig. 1G ; Table 1 ). While Hec1-9A kinetochores have more k-fiber microtubules and this could lead to higher force [14, 18] on these kinetochores and a larger response, Hec1-9A kinetochores in fact move less. In contrast, in Hec1-9D cells the back sister followed at a rate similar to its front sister (1.7±0.4 vs 1.8±0.2µm/min), which is faster than Hec1-WT (0.9±0.1µm/min), and moved farther than Hec1-WT on polymerizing microtubules (1.0±0.2 vs 0.7±0.1 µm; Fig. 1H,I ; Table   1 ). These responses led to little overshoot in K-K distance above baseline during dynein pulling (Fig. 1 G) .
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Dephosphorylating Hec1 makes the back kinetochore less mobile in response to force: the back kinetochore moves more slowly and a shorter distance, and takes longer to recover, despite being under higher forces. Phosphorylating Hec1 has the opposite consequences. Thus, Hec1 phosphorylation controls both the magnitude and timescale of the back kinetochore's response to spindle forces, and thereby sets the effective elasticity and viscosity of the spindle's reorganization in response to force. Since the back kinetochore's ability to slide on polymerizing microtubules under force varied depending on the Hec1 tail phosphorylation state, we hypothesized that Hec1's tail forms part of a passive frictional interface at kinetochores bound to polymerizing microtubules.
Hec1 tail phosphorylation regulates friction at the passive interface between mammalian kinetochores and polymerizing microtubules
Perturbing Hec1 phosphoregulation is known to change how metaphase sister kinetochores move [13, 14] , but because sisters are attached it is not clear whether this occurs because of changes in the passive or active interface between the kinetochore and microtubules. To test the hypothesis that Hec1's tail is part of the passive interface of kinetochores with polymerizing microtubules, we measured how Hec1 phosphorylation changes the velocity -and friction coefficient assuming similar forces -between kinetochore and polymerizing microtubules. To determine kinetochore velocity relative to the microtubule lattice, we tracked kinetochores with Hec1-EGFP phosphomutants, and concurrently measured k-fiber poleward flux [19] by either photomarking PA-GFP-tubulin or photobleaching GFP-tubulin ( Fig. 2A-C) . K-fiber flux velocities were lower in Hec1-9A (0.50±0.03µm/min, n=60) than in Hec1-9D (0.73±0.07µm/min, n=27) or WT cells (0.65±0.05 µm/min, n=57) (Fig. 2D , Table 1 ). Consistent with Hec1 phosphorylation decreasing friction at the passive interface, kinetochore velocity with respect to the microtubule lattice during polymerization was higher in Hec1-WT (1.20±0.03µm/min, n=720; Movie S4) than in Hec1-9A cells (0.80±0.03µm/min, n=940; Movie S5) (Fig. 2E , Table 1 ). Thus, the interface remains dynamic and is never locked within the cell's Hec1 phosphorylation range; the kinetochore (as a "slip clutch" [4] ) can always slip to reduce force on the chromosome -and prevent detachment from microtubules [20] .
These data are consistent with Hec1 being a component of the passive interface of kinetochores with microtubules -whose location was inferred to be in the outer kinetochore [21] . Hec1 tail phosphorylation tunes the friction coefficient, and thus the force-velocity relationship, between the mammalian kinetochore and polymerizing microtubules, and does so in a force range relevant to spindle function. Indeed, Hec1 tail phosphorylation has consequences beyond the kinetochore: it changes microtubule flux across the spindle (Fig. 2D) , and does so without changing spindle length (Fig. 2F) , implying that microtubule depolymerization rates at poles must change. These suggest that Hec1 tail phosphorylation provides a mechanism for regulating spindle mechanics during mitosis, in concert with kinetochore attachment formation.
Hec1 tail phosphorylation does not disrupt the mammalian kinetochore's ability to couple to depolymerizing microtubules at the active interface
As we found that Hec1 phosphorylation decreases friction at the passive interface with polymerizing microtubules (Fig. 1-2) , we asked whether it also affects the ability to couple to depolymerizing microtubules, thought to require both an active and passive interface [21] . When sister kinetochores are linked ( Fig. 1-2) , the coupling to depolymerizing microtubules can never be probed directly as it is always resisted by its sister; anaphase kinetochores could in principle provide a solution, but kinetochore biochemistry changes between metaphase and anaphase [22] .
Hence, we turned to laser ablation to physically separate sister kinetochores: after ablating one sister, the remaining sister moves towards its pole as its k-fiber depolymerizes [1, 23] (Fig.   3A,B) .
After sister ablation, Hec1-WT kinetochores initially moving poleward speed up, from 1.1±0.2µm/min (depolymerizing microtubules since faster than tubulin flux, Fig. 2D ) to 2.3±0.2µm/min (n=11, p<0.01; Fig. 3C,D) . This acceleration is consistent with the sister, bound to polymerizing microtubules before ablation, providing resistive friction. In turn, WT kinetochores initially moving away from their pole (polymerizing microtubules) at 0.8±0.1µm/min switch to poleward movement at 2.2±0.2µm/min (n=13; Fig. 3C,D ; Movie S6).
The directional switch and kinetochore velocity we measure here are faster than those we measured after k-fiber ablation (Fig. 1) , which is likely because here there is no resistance from the sister k-fiber interacting with the spindle. Surprisingly, Hec1-9A (Movie S7) and Hec1-9D (Movie S8) kinetochores, which had perturbed K-K distances (Table 1) , moved poleward at the same velocity as Hec1-WT after sister ablation (2.0±0.2µm/min, n=21 and 2.3±0.2µm/min, n=18, respectively; Fig. 3B ,E,F, Table 1 ). As kinetochores approach poles, kinetochore velocity remained unchanged despite chromosomes experiencing higher polar ejection forces [23, 24] . If there Hec1 phosphorylation regulates the active or passive interface in depolymerization, there is no functional consequence on kinetochore movement in this assay. Hec1-WT, Hec1-9A and Hec1-9D kinetochores also had, within our resolution, indistinguishable times to switch direction from away-from-pole to poleward movement (Fig. 3G,H) . This finding suggests that Hec1 phosphorylation does not directly regulate the switch from moving on polymerizing to depolymerizing microtubules. Thus, while Hec1 tail phosphorylation regulates the kinetochore's 8 ability to passively slide on polymerizing microtubules ( Fig. 1-2) , it does not affect its ability to couple to and track depolymerizing microtubules or its poleward velocity (Fig. 3) .
Discussion:
Accurate chromosome segregation requires the kinetochore to be able to hold on to both polymerizing and depolymerizing microtubules. However, the molecular basis and regulation of the passive and active interfaces that kinetochores use to attach to k-fibers are not known. In particular, separately probing kinetochore movement in defined polymerization states has been challenging. Elegant in vitro assays [25, 26] overcome these challenges but are not yet tractable for mammalian kinetochores, while in vivo microneedle [27, 28] and laser ablation [1, 23, 29] studies have probed kinetochore mechanics in defined states, but not their molecular basis. Here, we use a combination of molecular and mechanical perturbations to determine the contribution of Hec1 phosphoregulation to the passive and active interfaces of the mammalian kinetochore.
We find that through Hec1 tail phosphorylation, the kinetochore can independently regulate its ability to slide on polymerizing microtubules (passive friction) without losing its ability to couple to depolymerizing microtubules to move chromosomes (active force generation) (Fig.   3I,J) . As the needs of mitosis change, regulation of passive friction may set how far and how fast chromosomes move in response to force, and tune whole spindle mechanics, for example increasing mechanical coupling across spindle halves as mitosis progresses.
The basis for Hec1's tail regulating kinetochore movement along polymerizing but not depolymerizing microtubules is not known. If kinetochore speeds were higher during polymerization than depolymerization states, changes in friction may only be detectable during polymerization; however, we observe higher speeds during depolymerization (Fig. 3I, Table 1 ).
Similarly, direction-specific regulation could in principle arise from differences in microtubule plus-end tip structure, but this structure so far appears not to differ between sisters [30] .
Alternatively, Hec1 structure may vary when bound to polymerizing versus depolymerizing microtubules [31, 32] , or proteins other than Hec1 may bear load and govern chromosome velocity during depolymerization [33] [34] [35] . To uncover the molecular basis for Hec1 tail phosphorylation's direction-dependent role, it will be essential to determine whether such phosphorylation regulates friction directly (by changing the tail's microtubule affinity) or indirectly (by changing how its other domains, or other proteins, interact with microtubules), and how it does so. Further, it will be essential to map which proteins form the active interface with depolymerizing microtubules.
Our work indicates that Hec1 phosphorylation regulates the mechanics of the mammalian kinetochore-microtubule interface in a direction-dependent manner, revealing a new level of regulation. Hec1 phosphorylation may impact mechanics in both directions in vitro when it is the only coupler [36] , but only impact mechanics in polymerization in vivo due to the presence ofand load-sharing by -other microtubule binding proteins in vivo. Consistent with this idea, the Ndc80 tail is nonessential for movement in either direction in budding yeast [37, 38] , likely because both Ndc80 and the Dam1 complexes bind microtubules [39, 40] and provide friction during polymerization, and Dam1 is the main coupler during depolymerization [37] . Functional homologues to Dam1 are being proposed in other eukaryotes [41, 42] , and the assay we develop here should be helpful in dissecting the mechanical role of these and other proteins in the active and passive microtubule binding interfaces of the mammalian kinetochore. Probing the relative importance of different kinetochore couplers at both interfaces will be critical to understanding the mechanical diversity of kinetochore proteins and functions across systems. b There is no meaningful maximum K-K distance after ablation for Hec1-9D due to the variability of traces and lack of overshoot above baseline K-K distance from before ablation. c We made these calculations only on the subset of the data collected using photoactivation (Hec1-WT, n=42 and Hec1-9A n=34 kinetochores) since it allowed longer tracking of oscillations. We did not measure kinetochore velocities in Hec1-9D spindles since we were not able to track photomarks for long enough of the kinetochore oscillation cycle. d To adjust velocities to be relative to the microtubule lattice, we assumed poleward flux was unchanged from metaphase measurements (Fig. 2) .
